ABSTRACT The background of our research is, designing a precise phase detection sensor for high-speed coherent homodyne systems, and combining it with optical phase-locked loops (OPLLs) to achieve coherent demodulation and carrier recovery. For existing phase sensors, there are problems, such as low phase gain, long dead-time, and difficulty in distinguishing directions. Therefore, we proposed a multilevel-loop compound control phase sensor based on exclusive-OR gates. The sensing system consists of three loops. The tunable range of the temperature loop is 30 GHz. Its tuning rate value is 50 MHz/s. In addition, the inner ring consists of a piezoelectric loop and an acousto-optic frequency shifter loop. According to demand, we established a relevant model, and analyzed and calculated the parameters. The reliability and validity of this sensor are substantiated after setting up the experimental environment. The results show that the lock-in range is 30 GHz, the bandwidth is 1.5 MHz, and the real-time performance of the PLL is improved. In a communication test with a rate of 5 Gbps, the realized bit error ratio is 1.55 × 10 − 8 when the optical power of the signal is −40.4 dBm. Therefore, this sensor system improves detection sensitivity. At the end of this paper, we propose some ideas to improve sensitivity, which will be the focus of our next phase.
I. INTRODUCTION
Along with the rapidly increasing requirement for and application of communications, information needs to be transmitted as fast as possible in real time. This is very important in both civil and military fields, and requires offering a high-speed communication system between satellites and the ground. Laser communication technology has high-speed data communication, large capacity, safe and secret transmission, etc., and has become the technology with the greatest potential in the wireless communication field. With the constant development of laser communications, the benefits of its applicability will become more and more notable.
However, laser communications are restricted by long signal transmission distances. Direct detection cannot satisfy the above requirements, as it is susceptible to the influence of its own mechanism and special characters. The emergence of coherent communications solves this problem.
Recently, many coherent laser communication systems have been reported. The first completed inter-satellite link using laser communication is the LCT-125 system by TeSAT, a company in Germany. The experiment of ultra-highspeed bidirectional communications between the TerraSAR-X satellite and NFIRE satellite has been verified, which realized a link distance of 5000 km and a communication rate of 5.625 Gbps. The bit error ratio (BER) performance was better than 1 × 10 − 8 [1] - [4] . In 2011, Juarez et al. put forth a high-sensitivity differential phase-shift-keying coherent laser communication system that used a multilevel optical pre-amplifier. The detection sensitivity of this scenario achieved −48 dBm at a communication data rate of up to 10 Gbps [5] , [6] . In the same year, Steed et al. published research on a heterodyne phase-locked loop based on integrated optoelectronics. Finally, the system phase error is less than 0.04 rad at communication data rates up to 10 Gbps [7] - [10] . In 2012, Park et al. researched homodyne coherent detection based on integrated optoelectronics, which has achieved a loop delay of less than 120 ps at communication data rates up to 40 Gbps [11] - [15] . In 2016, the successful launch of the Mo-tse quantum satellite by the Chinese Academy of Sciences realized the coherent detection of a downlink single-channel communication rate of 5.12 Gbps, and successfully carried out image transmissions. The link distance of Mo-tse is more than 1000 kilometers, with an elevation of ∼20 • [16] . Thus, it can be seen that coherent laser communication has become a hot topic in recent years.
In high-speed coherent optical communications, one of the difficulties is how to obtain the phase difference of two lasers in the optical frequency band. A current favored practice is optical phase-locked loop (OPLL) technology. There are two kinds of OPLL: balanced and nonlinear OPLL. Balanced OPLL obtains the residual carrier by incomplete modulation of the phase [17] , [18] . The Costas OPLL is commonly used in nonlinear OPLL [19] , [20] . Its advantage is the carrier obtained by multiplication of two orthogonal branches [21] . At the same time, it does not require a DC-coupling front circuit or a wide laser linewidth. Such phase noise can be compensated in real time, using a Costas loop in a binary phase-shift keying (BPSK) homodyne reception system. For the high precision phase detection, there are two main methods that are currently in use, the single-loop rotation detectors based on multipliers and the single-loop quadricorrelator detectors based on an exclusive-OR (XOR) gate. But they all have some deficiencies. In the first method, the phase gain for the multiplier is small and the dead time is long when the loop is locked, thereby increasing the difficulty of subsequent circuit processing. In the second method, the phase gain for the XOR gate is improved, but distinguishing the direction of the local oscillator light is difficult and control is lost after zero crossing.
Compared with the previous system, we design an OPLL phase sensor based on high-speed coherent laser communication. The system solution is built with an analog device. Unlike digital systems, it not only saves power, but also reduces cost, as it does not need high-speed AD sampling. In the case of actuator selection, an electro-optic frequency shifter (EOFS) is used in most loops [22] . Although it has a wide frequency, it does not have a sufficient rejection ratio to suppress loop noise [23] , [24] . Additionally, the phase-control error is very large. Our scheme drives the acousto-optic crystal by a wide-band voltagecontrolled oscillator (VCO); the frequency of the oscillation is loaded onto the light wave by Bragg diffraction of acoustooptic crystals. The tuning bandwidth of the acousto-optic frequency shifter (AOFS) can reach the megahertz level. At the same time, the local oscillator could have a faster frequency shift. In addition, not only can the design of a delayed XOR gate improve the gain of phase discrimination, but it can also provide a reference to discriminate the direction of the signal for the local oscillator.
In this study, we design a phase sensor which adopts a multilevel complex OPLL to achieve stable phase locking. The results show that our phase sensor's peak value of phase residuals is 1.5 MHz. The phase noise is better than 3 • after phase locking. In the communication test, our experimental results indicate that the restored baseband signal is good when the modulation format used is BPSK with a bit rate up to 5 Gbps. Comparing the received data with the primary data, we reach the conclusion that the bit error rate (BER) is 1.55 × 10 − 8 when the received optical power is −40.4 dBm. The system has better receiving sensitivity, and has completed the initial verification. In addition, the detection sensitivity curves at different communication rates are plotted to help the optimization of next system. At the end of this paper, some methods to improve the performance of the sensors are proposed. These are the priorities for our later work.
II. MODEL ANALYSIS OF PHASE SENSOR
Accurate phase detection is the core technology in high-speed coherent laser communication systems. The performance of phase tracking and received signal demodulation are influenced by the quality of the phase sensor [25] . This principle is shown in Figure 1 . The signal light S 1 (t) with carrier information is converted to the baseband by multiplying it with the local oscillator light S 2 (t). The local oscillator is controlled by the error signal x(t), which is composed of a voltagecontrolled oscillator (VCO). S 1 (t) and S 2 (t) are given by the following:
(1)
Where A 1 and A 2 are the amplitude of the signal. ω 0 represents the carrier frequency, ∅ T (t) represents the phase modulation, w(t) represents the Doppler frequency, K 0 is the gain of VCO frequency, ∅ 1 and ∅ 2 are constant phase shifts. The multiplier mixes the local oscillator with the signal light, and outputs the error signal ε(t) after photoelectric conversion. As shown in equation (5):
Where G represents the amplifier gain and R is the responsivity of photodiodes. ϕ (T) = ∅ 1 (T) − ∅ 2 (T) is the phase error. The modulation format is BPSK, so ∅ T (T) ∈ {0, π}, and the error signal is as follows:
Where A d = (GRA 1 A 2 ) 2 /2 is the gain of the phase discriminator. After that, the signal completes its nonlinear transformation through the loop filter. Finally, it drives the actuators that input to the VCO. When the frequency is locked, the phase error ϕ(t) is maintained at a small value; hence, formula (6) can be converted into formula (7) .
We find that the VCO control signal of the phase sensor is proportional to the phase error ϕ(t) after frequency locking by formula (7) . The output of the VCO contains the carrier frequency information of the signal light. The loop was closed through bonding of phase sensing by using this signal to the local oscillator laser. After that, we can implement the realtime tracking of the signal frequency with the local frequency after phase locking. In summary, we reduce the working process of the phase sensor into three steps: first, it completes the frequency discrimination process and realizes frequency tracking. Second, the phase discrimination function of the optical frequency band is completed when the frequency difference is zero. Finally, it can realize a trace function. In the next chapter, we analyze these processes one-by-one with our designed system.
III. DESIGN OF PHASE SENSOR APPLIED IN THE OPLL USE MULTILEVEL LOOP CONTROL
The principle of a phase-sensing system using OPLL based on multilevel-loop control is illustrated in Figure 2 .
We can see a tunable laser as an optical voltage-controlled oscillator (OVCO) from the above image. The output frequency and phase of the local oscillator are controlled by three aspects: A) Changing the frequency of the local vibration light by temperature control. B) Changing the frequency by controlling piezoelectric (PZT) ceramics to change the cavity length of laser. C) To change phase, an AOFS is added to the loop. Theoretically, the tuning speed of the temperature loop is slow, but the tuning range is wide (dozens of GHz). As for PZT tuning speed, it can reach the level of 1000 Hz, and its tuning range is several GHz. AOFS has the fastest tuning speed (20 MHz) and the narrowest tuning range (50 MHz). Therefore, if we want to make the phase sensor work properly and complete the homodyne phase lock function, compound control must be carried out. Figure 3 shows the block diagram of the temperature loop, which is the outermost loop of Figure 2 . It consists of a 90 • hybrid, balance detector, frequency discriminator (FD), loop filter (LPF), and controllable laser. The branch I signal is sent to the FD through the balance detector to complete the discrimination frequency. After that, frequency tuning is accomplished by controlling the laser temperature. Its average tuning speed is 50 MHz/s, and its tuning range is 30 GHz. The bandwidth of the outer loop design is 0.1 Hz, and its residual is ∼100 MHz after compensation.
A. DESIGN OF TEMPERATURE LOOP

B. DESIGN OF FINE FREQUENCY AND PHASE COMPOUND INNER LOOP
The sensor mainly achieves a frequency error of zero and a minimum phase error by using the inner loop. The performance of the sensor is also mainly determined by this loop. Signal I and signal Q are sent to the delay XOR gate after limiting amplification, which realizes the down-conversion of the mixing signal [26] , [27] . The XOR gate output frequency error signal controls the PZT to achieve locking with no frequency error [28] - [30] . Then, a phase error signal controls the AOFS to realize small-phase-error tracking. Its model is shown in Figure 4 .
C c and C f in Figure 4 are the compensation functions of the PZT loop and the AOFS loop, and A c and A f are the gain of the PZT loop and the AOFS loop, respectively. D 2 is a decoupling loop and D 1 is the detector characteristic. When
The error transfer function is
When D 2 = 1, the characteristic equation of the system becomes (1+G c )(1+C f ), and the coupling term is eliminated. The system is transformed into a static autonomous system, whose error transfer function is 
The PZT loop is a typical I-model system. To stabilize the system, an integration and lead-lag are added. The open-loop transfer function with correction is 
According to (12) , the logarithmic amplitude-frequency and phase-frequency characteristic curves of the open loop are plotted as shown in Figure 5 . The closed-loop characteristic curve is shown in Figure 6 .
From the open-loop characteristic curve, it can be seen that the phase angle margin of the PZT loop is 75 • , which guarantees the stability and reliability of the system. From the closed-loop characteristic curve, it can be seen that the closed-loop bandwidth of the PZT loop can be extended to 1629.7 Hz. Its resonance peak value is 1.76, which meets the parameter requirements of the control loop.
2) DESIGN OF G f IN AOFS LOOP
The AOFS loop bandwidth is on the order of megahertz, belonging to the phase control loop. The phase discrimination of XOR gate is equivalent to the proportional component, whose transfer function is expressed as K d = 0.8V/rad. The transfer function of the balanced detector is the same as that of the PZT loop. The AOFS is equivalent to the inertial element G VAOFS = K f /s(T AO s + 1), where K f = 6.28×10 7 rad/V, and T AO can be determined as 8×10 −9 rad/s according to the response time of the AOFS. Thus, the uncorrected open-loop transfer function is
The AOFS loop is the typical type-II model system. Thus, the corrected open-loop transfer function is as follows: 
According to formula (14) , the logarithmic amplitudefrequency and phase-frequency characteristic curves of the open loop are plotted as shown in Figure 7 . The closed-loop characteristic curve is shown in Figure 8 .
From the open-loop characteristic curve, it can be seen that the phase angle margin of the AOFS loop is 40.9 • , which guarantees the stability and reliability of the system. From the closed-loop characteristic curve, it can be seen that the closed-loop bandwidth of the AOFS loop can be extended to 1.7 MHz. Its resonance peak value is 1.76, which meets the requirements.
IV. EXPERIMENTS AND RESULTS
A. TEST ENVIRONMENT
To verify the performance of the phase sensor, the experimental system is built as shown in Figure 9 . The test system consists of three parts: the optical transmit unit, phase sensor unit, and test unit.
The BPSK modulation format is used in the optical transmitter unit. Signal light is produced by a narrow-linewidth fiber laser at 1550 nm. An NRZ code emerged by BER, with a modulation rate of 5 Gbps. A variable optical attenuator (VOA) is used to adjust the optical power. The optical signal with modulation information is then input to the phase sensor.
The phase sensing unit consists of a 90 • hybrid, a balanced detector, and a signal processing module. In addition, the signal processing module contains a circuit and a 1550-nm laser as the local oscillator source. The circuit part is composed of three level control loops. The firstlevel control loop is temperature tuned. Field-Programmable Gate Array (FPGA) is used as the main processing chip. The frequency difference is collected by counting. It is responsible for the initial capture of the loop, as well as large-scale frequency shift and compensated Doppler shifts. The second-level control loop is PZT tuned, which includes a loop filter built using an analog device, a high-voltage amplifier circuit, and a PZT drive circuit. The PZT drive circuit is responsible for pulling the frequency difference into a fine-loop bandwidth. It also includes an Analog-to-Digital Converter (ADC) digital chip which controls the opening and closing of the first-level feedback control loop. The thirdlevel control loop is AOFS tuned and consists of a pure analog circuit. It includes a loop filter, VCO, AOFS driver, and AOFS actuator that locks the frequency difference to 0 Hz while maintaining a fixed phase difference. The error signal of the second-level control loop and the third-level control loop is obtained by XOR gate phase discrimination. Finally, I branch is used to demodulate the data and observe. In this unit, the tuning range of local oscillator temperature is 30 GHz. The PZT tuning range value is 2.5 GHz. The average linewidth of the laser is 1 kHz.
The test unit consists of instruments and equipment for observation of the phase-sensing system. While comparing the demodulated signal and true form, it can simultaneously evaluate the system performance through the curve eye diagram and BER. The experimental setup is shown in Figure 10 .
B. TEST RESULTS AND ANALYSIS
First, we connect branch I to the test module and observe the locking process of the sensor. The result is shown in Figure 11 . Figure 11 shows the whole working process of the phase sensor. The control accuracy is 600 MHz when locking the temperature loop (Figure 11 (a) ), and then the PZT loop starts. The frequency error can be adjusted from 600 MHz to about 20 MHz. Figure 11(b) shows the adjustment process. In Figure 11 (c), the frequency error reaches 20 MHz when locking the PZT loop. Figure 11(d) shows the adjustment process after starting AOFS loop. Figure 11 (e) is the residual error after the sensor is locked. We found that when the system entered the AOFS tuning loop, the frequency error was adjusted to zero for an instant. After that, we access the signal-to-spectrum analyzer, and obtain the phase residual error shown in Figure 11 (f) which is an important indicator in phase-locked loop. It is related to the loop bandwidth because the phase-locked system itself is a suppression system. When the bandwidth of loop is changed, the system's suppression of laser noise and its suppression of thermal noise will also change, resulting in a change of the integral area and a change of the phase residual error. Finally, by integrating the power spectral density in Figure 11 (f), we obtain the phase noise better than 3 • . The peak value of the curve is about 1.5 MHz. Thus, in our phase sensing system, the inhibition ability became stronger as the bandwidth increased. However, the bandwidth will affect the demodulation of the signal, so the selection must be made synthetically [31] , [32] . The phase noise of 3 • meets our design requirements. Second, we tested the designed phase sensor in communication. The raw data is shown in Figure 12 . Figure 13 shows the signal demodulated by our system. Contrasting Figures 12 and 13 , it is found that the rising and falling edges of the recovered baseband information are stable. The system reflects the original information well without frequency jitter.
To evaluate the performance of the phase sensor system, we performed the following test. When the communica- tion rate is 5 Gbps and the power of the local oscillator is 48 mW, the BER curves at different input optical powers are shown in Figure 14 . The result of Figure 14 shows that BER decreases with the increase of signal optical power. Because the balanced detector output is proportional to the optical power when the communication rate is constant, a greater signal-to-noise ratio (SNR) corresponds to a more accurate phase detection. Figure 15 shows the curves of different bit VOLUME 6, 2018 FIGURE 14. Relationship between BER and signal power. rates and different input optical powers when the BERs are 1×10-7 and 1×10-8. In Figure 15 , it can be seen that the detection sensitivity is the highest when the communication rate is 5 Gbps. The performance of sensor has declined with the rate of increase or decrease. Figures 15 A-1 and B-1 are the eye patterns when the BERs are 1×10-7 and 1×10-8 at a communication rate of 7 Gbps. It is seen that the phase noise is increasing. Figures 15 A-2 and B-2 are the recovered baseband signals when the BERs are 1×10-7 and 1×10-8 at a communication rate of 7 Gbps. There is a slight jitter in the rising and falling sides. The reason for this phenomenon may be that the phase noise is proportional to the linewidth of the laser and inversely proportional to the bandwidth of the loop [33] . The loop bandwidth is optimized at specific code rates. It could be introducing extra noise when the bit rate is increased or reduced, so the detection sensitivity deteriorates severely.
V. CONCLUSIONS AND FUTURE WORK
This paper focuses on the design of a phase sensor applied in the optical phase-locked loop based on a high-speed coherent laser communication system. We propose a phasesensing scheme based on XOR gates with multi-level loop control. The first-level loop is composed of a temperature loop which can achieve a tuning range of 30 GHz. The second-level loop and third-level loop are the PZT loop and AOFS loop, respectively. Finally, stable phase locking and 1.5 MHz loop bandwidth are realized. Communication experiments show that the system performance is best when the communication rate is 5 Gbps. The BER is 1.55×10−8 when the signal optical power is −40.4 dBm. With the increase in the code rate, the performance is decreased. However, the method can be improved by increasing the optical power. The sensor has been used to detect the phase of two narrow-linewidth lasers and suppresses phase noise, which ensures regular operation of the phase lock system. This kind of sensor can be used in homodyne coherent laser communications and provides a reference for the realization of high-speed coherent communications.
The focus of our next stage of research is to find a way to improve the detection sensitivity. We believe that detectors with higher quantum efficiency can be used to replace existing devices. This can improve the detection sensitivity because the response bandwidth is optimized. We can also optimize the control loop and process of this sensor.
Finally, there is still much work to do in the future. The phase-sensing system has greater space for optimization. Our team will strive to attain this goal.
